2+ serves as a universal second messenger in eukaryotic signaling pathways, and the spatial and temporal patterns of Ca 2+ concentration changes are determined by feedback and feed-forward regulation of the involved transport proteins. Cyclic nucleotide-gated channels (CNGCs) are Ca 2+ -permeable channels that interact with the ubiquitous Ca 2+ sensor calmodulin (CaM). CNGCs interact with CaMs via diverse CaM-binding sites, including an IQ-motif, which has been identified in the C-termini of CNGC20 and CNGC12. Here we present a family-wide analysis of the IQ-motif from all 20 Arabidopsis CNGC isoforms. While most of their IQ-peptides interacted with conserved CaMs in yeast, some were unable to do so, despite high sequence conservation across the family. We showed that the CaM binding ability of the IQmotif is highly dependent on its proximal and distal vicinity. We determined that two alanine residues positioned N-terminal to the core IQ-sequence play a significant role in CaM binding, and identified a polymorphism at this site that promoted or inhibited CaM binding in yeast. Through detailed biophysical analysis of the CNGC2 IQ-motif, we found that this polymorphism specifically affected the Ca 2+ -independent interactions with the C-lobe of CaM. This same polymorphism partially suppressed the induction of programmed cell death by CNGC11/12 in planta. Our work expands the model of CNGC regulation, and posits that the C-lobe of apo-CaM is permanently associated with the channel at the N-terminal part of the IQ-domain. This mode allows CaM to function as a Ca 2+ -sensing regulatory subunit of the channel complex, providing a mechanism by which Ca 2+ signals may be fine-tuned.
Introduction
Calcium signaling represents a fundamental process in living cells and is used by plants to trigger and co-ordinate responses to changing environmental and internal conditions (Dodd et al. 2010) . The spatial and temporal patterns of the calcium responses known as a 'calcium signature' encode information for the stimulus-specific response (McAinsh and Hetherington 1998, Monshausen 2012) . Such signatures depend on the co-ordinated activity of Ca 2+ channels, Ca 2+ transporters and Ca 2+ -ATPases as well as Ca 2+ -binding proteins. Ca 2+ -dependent feedback and feed-forward regulation of the involved proteins provides a mechanism for auto-regulation of the process.
Sensing of the Ca 2+ concentration required for downstream responses is mediated by Ca 2+ -binding sensor proteins such as calcium-dependent protein kinases (CPKs), calcineurin-B-like proteins (CBLs), calmodulins (CaMs) and calmodulin-like proteins (CMLs) (Harper et al. 2004 , Luan 2009 , Kudla et al. 2010 , Perochon et al. 2011 , Bender and Snedden 2013 , Romeis and Herde 2014 . Among these proteins, CaM represents a universal Ca 2+ sensor across eukaryotes (Rhoads and Friedberg 1997) . The Arabidopsis genome harbors seven genes coding for four CaM isoforms with >97% sequence identity as well as 50 genes encoding CML proteins that are less conserved (McCormack et al. 2005 , Perochon et al. 2011 , Bender and Snedden 2013 , Zhu et al. 2015 . CaM is composed of two globular domains, the Nand C-lobes, connected by a linker domain. Each lobe contains one pair of EF-hands. Ca 2+ binding to the helix-loop-helix EFhands induces a conformational change of CaM from a closed (apo-CaM) to an open form (Ca 2+ -CaM), resulting in the exposure of hydrophobic methyl groups of methionine residues (O'Neil and DeGrado 1990 , Vogel and Zhang 1995 , Chin and Means 2000 , Snedden and Fromm 2001 . The number of CaM/CML targets in plants is probably high, given that approximately 25% of 1,133 Arabidopsis proteins tested interacted with one or more CaM/CMLs in vitro; however, for most of the putative targets, the regulation and binding modes have not been studied (Zielinski 1998 , Bouché et al. 2005 , Popescu et al. 2007 .
In plants and animals, CaM binding to the C-terminus of Ca 2+ -ATPases relieves the auto-inhibitory domain and stimulates Ca 2+ pumping (Tidow et al. 2012) . Conversely, feedback inhibition via Ca 2+ -CaM restricts calcium entry through voltage-dependent calcium channels (Ca V ) and cyclic nucleotide gated (CNG) channels of animal origin (Cukkemane et al. 2011, Ben-Johny and Yue 2014) . Animal CNG isoforms harbor several CaM-binding motifs in both the N-and C-termini (Ungerer et al. 2011) . In homotetramers of the olfactory CNGA2 channel, Ca 2+ -CaM binding to the N-terminal domain inhibits channel activity (Liu et al. 1994) , while in the native olfactory CNG channels, which are assembled as heterotetramers from A2, A4 and B1b subunits, binding of endogenous CaM to the Nterminal LQ-domain of B1b is sufficient in order to mediate the rapid Ca 2+ -induced desensitization by lowering the ligand sensitivity (Bradley et al. 2004 , Ungerer et al. 2011 .
Plant CNGCs are involved in responses to biotic and abiotic stresses as well as in development and fertilization (Kaplan et al. 2007 , Dietrich et al. 2010 , Moeder et al. 2011 , DeFalco et al. 2016b . In Arabidopsis thaliana, 20 CNGC genes are divided into five subgroups based on their sequence similarity (Mäser et al. 2001) . Plant CNGCs share a similar topology to animal CNGs, and are composed of six transmembrane helices with a pore-loop between helices five and six. Functional channels require four subunits, which most probably assemble as heteromers in order to form non-selective calcium-permeable transport pathways, though this has not been well characterized to date. The first report of CaM binding to a plant CNGC was the Ca 2+ -dependent binding of CaM to the C-terminus of Hordeum vulgare calmodulin-binding transporter1 (HvCBT1) (Schuurink et al. 1998 ). The CaM-binding domains (CaMBDs) in CNGC1 and CNGC2 were subsequently predicted as an amphiphilic a-helix within the last (aC) helix of the cyclic nucleotide-binding domain (CNBD) (Köhler and Neuhaus 2000) . Deletion of this region comprising 16 residues abolished Ca 2+ -CaM binding to CNGC1. However, a homologous region spanning 20 amino acids within the tobacco calmodulin-binding protein 4 (NtCBP4) bound CaM poorly, while a C-terminal extension of the peptide by only three residues (RTW) strongly increased the Ca 2+ -dependent binding ability, which was characterized by a dissociation constant of 8 nM (Arazi et al. 2000 ). An inhibitory effect of Ca 2+ -CaM was shown on hyperpolarization-activated currents in HEK293 cells expressing a truncated CNGC2 (Hua et al. 2003) , suggesting a role for Ca 2+ -CaM in feedback inhibition in vivo. According to the overlapping binding sites for cyclic nucleotides and CaM, a competitive ligand model was proposed, in which Ca 2+ -CaM binding to the C-terminus displaces the cyclic nucleotide from its binding site, leading to channel closure (Kaplan et al. 2007) . The identification of a CaM-binding IQ-motif in CNGC20, which is positioned C-terminally to the CNBD, suggested a more complex regulation with the possibility of CaM being permanently associated with the channel (Fischer et al. 2013) . The IQ-motif is conserved in most plant CNGCs, and was recently found to mediate interaction with both apo-and Ca 2+ -loaded CaM in CNGC12 and, surprisingly, CaM binding at the IQ-motif positively regulated channel function of CNGC12 (DeFalco et al. 2016a) . Additional CaM-binding domains have been identified in this channel at both the N-and C-termini, further indicating that CNGC regulation by CaM is complex (DeFalco et al. 2016a) .
While CaMBDs cannot be predicted with high confidence from sequence data alone (O'Neil and DeGrado 1990, Zielinski 1998) (Cheney and Mooseker 1992, Bähler and Rhoads 2002) . IQ-domains are widely distributed among plant proteins, including the IQ-domain (IQD) family, CaMbinding transcriptional activators (CAMTAs) and myosins , Yokota et al. 1999 , Bouché et al. 2005 . Sequence analyses suggest that IQ-motifs are present in all Arabidopsis CNGCs, as well as in CNGCs from other species, such as rice and pear (Reddy et al. 2002 , Fischer et al. 2013 , Nawaz et al. 2014 , Chen et al. 2015 . However, the CaM-binding properties of IQ-domains in plant channels have not yet been studied in detail (Bähler and Rhoads 2002 , Reddy et al. 2002 , though CaM binding to the IQ-motif was recently shown to be required for CNGC11/12-induced programmed cell death (DeFalco et al. 2016a) .
Here, we therefore further analyzed the Arabidopsis CNGC family for interactions with CaM in order to obtain a better understanding of their regulation by Ca 2+ sensors. This provides a framework for unraveling stimulus-dependent Ca 2+ signalencoding and -decoding mechanisms as future research enables in vivo functional studies on native heteromeric CNGC channels.
Results
The C-terminus of CNGC2 is essential for channel function Besides a critical role in regulation of cell death during pathogen infection identified via the loss-of-function mutant defense, no death 1 (Clough et al. 2000) , CNGC2 is involved in adaptation to elevated Ca 2+ concentrations, leading to severe growth retardation of cngc2 or dnd1 mutants (Chan et al. 2003) . The dwarfed phenotype can be complemented by ectopic expression of CNGC2 or CNGC2-YFP (yellow fluorescent protein) under control of the Cauliflower mosaic virus (CaMV) 35S promoter ( Fig.1A; Supplementary Fig. 1 ). However, overexpression of the C-terminally truncated version of CNGC2 (ÁC, CNGC2 1-517 ) could not rescue the Ca 2+ -hypersensitive phenotype in dnd1, in agreement with an essential role for the C-terminal region, which harbors the CNBD as well as the binding site for CaM. To investigate further the functional importance of the Cterminal region, we introduced point mutations into the CNBD at two highly conserved positions (G599A/D600A; Kannan et al. 2007) , for which previously reported modeling suggests a critical role in cyclic nucleotide binding of CNGC2 (Hua et al. 2003) . As expected, dnd1 plants expressing the mutated version of CNGC2 (CNGC2 G599D600A , 2M) did exhibit the same Ca 2+ -hypersensitive phenotype as dnd1 (Fig. 1A) , supporting the notion that cyclic nucleotide binding at these residues is critical for channel function. The previously reported model also indicated that the aChelix of the CNBD is probably not involved in cyclic nucleotide binding to CNGC2, and instead Ca 2+ -dependent CaM binding to a peptide corresponding to the aC-helix was shown in vitro (Hua et al. 2003) . Thus, mutations within this region are expected to affect CaM binding rather than cyclic nucleotide binding to the channel. Therefore the CNGC2 3A mutant was generated, which carries three alanine residues at the beginning of the aC-helix, replacing FRY at position 645-647, reducing the hydrophobicity of the aC-helix (Gautier et al. 2008) . However, overexpression of CNGC2 3A (CNGC2 645-647A ) successfully complemented the dnd1-mediated dwarf phenotype, suggesting that the mutations within this putative (aC) CaM-binding site did not interfere with channel function in planta (Fig. 1A) .
Binding studies using a yeast two-hybrid (Y2H) assay showed that Arabidopsis CaM isoforms were able to interact with the C-terminus of CNGC2 (CT) and CNGC2 3A (CT 3A ) in a similar manner (Fig. 1B) . Lack of yeast growth indicated no interaction between CaM and a peptide corresponding to the aC-helix (aC in Fig. 1B) or the peptide used for CaM binding in vitro in a previous study (aCAA in Fig. 1B ; Hua et al. 2003) . These results show that the aC-helix does not function as a CaMBD under the experimental conditions in the Y2H assay and that a A B Fig. 1 The IQ-domain is important for CNGC2 function. (A) Complementation assay using the Ca 2+ -hypersensitive dnd1 growth phenotype. Growth of dnd1 plants not transformed (nt) and dnd1 expressing the full-length CNGC2 (FL), C-terminally truncated CNGC2 1-517 (ÁC), CNGC2 G599A/D600A (2M) or two independent dnd1 lines harboring CNGC2 mutated within the aC region of the CNBD (CNGC2 645-647A , line 3A 1 and 3A 2 ) was assessed in the presence of either 1.5 mM (first row) or 20 mM (second row) CaCl 2 . Mean and SE of dry weight are shown in graphs on the right. Asterisks indicate significant differences between transgenic lines and dnd1 within the respective Ca 2+ concentration (t-test, P < 0.05). (B) Y2H assays with CNGC2 C-terminal variants and derived peptides. Yeast was grown on medium lacking tryptophan, leucine and histidine to monitor protein interactions. Yeast of each combination was spotted in concentrations of OD 600 = 2, 0.2 and 0.02. Interaction tests between the CNGC2 C-terminus (CT), a peptide representing the aC-helix of the CNBD (aC), an extended aC-peptide (aCAA), the C-terminus mutated within the aC region as in (A) (CT 3A ), the IQ-peptide (IQ), the C-terminus without an IQ-domain (CT
ÁIQ
) and CaM isoforms as well as CML8. The sequence information for the CNGC2 proteins and peptides used is indicated at the bottom. different site in the C-terminus forms a functional CaMBD. Together with the CaM-binding ability of a peptide corresponding to the CNGC2 IQ-motif (IQ) but not the truncated C-terminus lacking the IQ-domain (CT ÁIQ , Fig. 1B ), these results demonstrate that CNGC2, like CNGC20 and CNGC12, binds CaM via the IQ-domain.
CaM binding to the C-terminus represents a common feature among Arabidopsis CNGCs
To assess the CaM-binding ability of all AtCNGCs, corresponding C-termini were tested for interaction with each of the four Arabidopsis CaM isoforms as well as a related CML isoform (CML8) in Y2H assays. The C-terminal regions were chosen according to topology predictions (Schwacke et al. 2003) , and in the case of CNGC2 and CNGC20 according to previous studies (Supplementary Table S1 ; Köhler and Neuhaus 2000, Fischer et al. 2013) . Of 20 CNGC C-termini (CNGC-CT) tested, 18 were able to interact with CaMs but not CML8 ( Fig. 2A; Supplementary Fig. S2 ). Yeast expressing CaM and CNGC11-CT or CNGC17-CT did not grow or grew very weakly ( Fig. 2A; Supplementary Fig. S2 ). Depending on the CNGC isoform, the presence of the inhibitor of the HIS reporter gene 3-amino-1,2,4-triazole (3-AT) reduced yeast growth to different extents, revealing differences in the strengths of the CaM-CNGC interactions ( Supplementary Fig. S2 ). It should be noted that CNGC-CTs might also bind endogenous yeast CaM, which could interfere with the Y2H assays. While CNGC1 but not CNGC2 was previously shown to bind the yeast calmodulin CMD1p (Ali et al. 2006 ), these two channels behaved similarly in Y2H assays ( Fig. 2; Supplementary Fig. S2 ), indicating that endogenous yeast CaM did not interfere with our assays. Furthermore, overexpression of Arabidopsis CaMs further reduces the possibility of endogenous CaM binding.
Since the IQ-motif is conserved among CNGCs (Fischer et al. 2013) , and given the presence of an additional, Ca 2+ -dependent CaM-binding domain at the extreme C-terminus of CNGC12 (DeFalco et al. 2016a), minimal IQ motifs corresponding to the homologous region of the CaM-binding IQ-peptide of CNGC20 were used in Y2H assays (Supplementary Table S1 ; Supplementary Fig. S7 ). Eleven out of 20 IQ peptide-BD fusions (named IQ-peptides hereafter) interacted with CaMs ( Fig. 2B ; Supplementary Fig. S2 ). The interacting IQ-peptide fusions belong to CNGCs of all five subgroups. Interestingly, the IQpeptides of CNGC11 and CNGC17 did interact strongly with CaM, in contrast to their corresponding C-termini. Conversely, several IQ-peptides were unable to bind CaM, while the respective C-termini could. Thus, all Arabidopsis CNGCs are able to bind CaM within their C-terminal domains, while simultaneously suggesting a large diversity of CaM affinities and interaction modes.
Residues N-terminal to the core IQ-sequence are critical for CaM binding
To better understand the differences between interacting and non-interacting IQ-peptides, motif sequences were compared using a sequence logo (Fig. 3A) . Non-interacting peptides differed in amino acids at different positions; however, several of these peptides have variations in the region N-terminal to the characteristic isoleucine-glutamine of the core IQ-motif,
. While the interacting peptides always contain two alanines at the -3 and -4 position relative to the consensus isoleucine, the amino acid sequences of the non-interacting peptides deviate at these positions, which are occupied by residues with lower hydrophobicity such as glycine or threonine (Fig. 3A) . In order to assay the influence of this region on CaM binding, alanine was exchanged by glycine at position -4 and by threonine at position -3 in the IQ-motifs of CNGC2, CNGC9 and CNGC20. Indeed, the mutated IQ-peptides were no longer able to bind CaM in Y2H assays (Fig. 3B ). When the reverse experiment was performed, the conversion of GT to AA in the non-interacting CNGC16 IQpeptide enabled CaM binding (Fig. 3C) . Likewise, mutation of two N-terminal residues in the IQ-peptide of CNGC13 converted the peptide into a CaM-binding domain. These results indicate that residues N-terminal to the core IQ-sequence are involved in CaM binding. However, IQ-peptides of CNGC4, CNGC6, CNGC14 and CNGC19 did not bind CaM, despite having alanine in positions -3 and -4. This could be due to deviations in other less conserved positions (Fig. 3A) . Similar to the N-terminal region, residues C-terminal of the IQ-motif [ILV]QxxxR[Gx]xxx [RK] have been shown to influence CaM binding and to participate in interactions with CaM (Minor and Findeisen 2010 , Black and Persechini 2011 , Wang et al. 2014 ).
Therefore, we used the non-interacting CNGC19-IQ sequence (Fig. 3A) , and tested C-and N-terminally extended IQ-sequences for their CaM binding ability (Fig. 3D) . The extended sequence comprising 30 residues (IQ ext ) was able to bind CaM in Y2H assays. Furthermore, CaM binding could also be achieved by either C-(IQ Cext ) or N-terminal (IQ Next ) extensions only ( Fig.  3D) , showing that N-terminal addition of only three residues (RLR) was sufficient to enable CaM binding. Interestingly, these residues at the -5 to -7 position are at the homologous position to the tetrapeptide (WRTW) in the tobacco CNGC NtCBP4, which strongly improved CaM binding when added to a short CBP4-derived peptide (Arazi et al. 2000) . In addition, the conserved arginine at the -7 position of the IQ-motif has been identified as a key residue for regulation of the channel function of the chimeric CNGC11/12 (Chin et al. 2010) . Thus, the region up to the -7 position relative to the consensus isoleucine seems to be involved in CaM binding of CNGC19, NtCBP4 and possibly other CNGCs as well. Taken together, the results showed that the functional IQ-domain of CNGC19 comprises sequences both N-and C-terminal of the core IQ-motif [ILV]QxxxR[Gx]xxx [RK] . The observation that some CNGCs bind CaM sufficiently strongly by the IQ-peptide (-4 to +12 position), while the N-or C-terminally adjacent regions are required to support the interaction in others, may reflect the diversity of CaM-binding modes or affinities in plant CNGCs.
Ca
2+ -independent binding of CaM
The IQ-motif enables Ca 2+ -independent binding of CaM to target proteins, many of which can interact with both apoCaM and Ca 2+ -CaM while in others, such as myosins, Ca 2+ induces the displacement of the bound CaM (Bähler and Rhoads 2002) . As the CNGC12 IQ-motif was recently shown to bind both apo-CaM and Ca 2+ -CaM, though with different biophysical profiles (DeFalco et al. 2016a), we investigated the IQ-motif from a phylogenetically distant CNGC isoform, CNGC2, in more detail using synthetic peptides.
Intrinsic tryptophan fluorescence measurements of IQ-peptides were used to measure the interaction with CaM, which lacks endogenous tryptophan residues. While tryptophan exposed to the solvent shows a fluorescence emission peak near 350 nm, CaM binding induces a blue shift in the emission spectrum together with an increase in fluorescence intensity, in agreement with tryptophan facing a more hydrophobic environment (Yuan et al. 1998) . Interactions between peptides corresponding to the IQ-motifs of CNGC12 or CNGC2 and CaM were measured in the presence or absence of Ca 2+ . Generally, the interaction of apo-CaM and Ca 2+ -CaM with the CNGC2-IQ peptide induced similar changes in fluorescence spectra (Fig.  4A) , while Ca 2+ -CaM2 induced a much greater increase in fluorescence intensity of the CNGC12-IQ peptide compared with apo-CaM (Fig. 4B) , reflecting a large conformational rearrangement in the presence of the Ca 2+ -bound vs. apo-CaM2. These results are in agreement with DeFalco et al. (2016a) , who found that the IQ-motif of CNGC12 had a higher affinity for Ca 2+ -CaM than for apo-CaM. We also used isothermal titration calorimetry (ITC) to determine affinities for interactions between the CNGC2-IQ peptide and apo-or Ca 2+ -CaM. While both interactions modeled as similarly high affinity interactions with affinity constants around 45 and 5 nM, respectively ( Supplementary Fig. S3 ), no clear stoichiometry data were obtained due to the complex nature of the interactions. These were indicated by multiphasic titration curves, though peptide buffer titration suggested that dimerization/dissociation was not affecting the isotherms (Supplementary Fig. S3 ). The dose-dependent intrinsic fluorescence changes saturated near an equimolar ratio of CaM : peptide ( Supplementary Fig. S4 ). Thus, the CNGC2-IQ peptide binds both apo-CaM and Ca 2+ -CaM in a high-affinity, complex manner, most probably with a 1 : 1 overall ratio.
The CaM C-lobe associates with IQ-peptides in the absence of Ca
2+
To find out which CaM lobe preferentially binds the IQ-domain in apo-or Ca 2+ -loaded CaM, N-and C-lobe regions were cloned as described (Van Petegem et al. 2005) . Y2H assays using the N-lobe did not give rise to any growth in the presence of CNGC12-IQ or CNGC2-IQ (Fig. 5A) , suggesting that interactions with the N-lobe did not take place. In contrast, associations of the CaM2 C-lobe with the IQ-domains of CNGC2 and CNGC12 were observed (Fig. 5A) . To investigate further the Ca 2+ dependency of the C-lobe interaction, the -Z positions of EF-hand 3 and 4 in CaM2 were mutated to alanine (CaM2 E3,4A ), to abolish Ca 2+ binding to the C-lobe (Fruen et al. 2003) . As expected from a Ca 2+ -independent C-lobe binding, CaM2 E3,4A could still interact with the IQ-peptides of CNGC2 and CNGC12 (Fig. 5A) .
Intrinsic tryptophan fluorescence measurements of CNGC2-IQ with CaM2 and CaM2 N-or C-lobes supported the conclusion that the C-lobe binds to CNGC2-IQ in its apo-form (Fig.  5C, E) . In the absence of Ca 2+ , tryptophan fluorescence emission of CNGC2-IQ was not shifted upon addition of the N-lobe, while it was blue-shifted in the presence of the full-length apoCaM2 or the Ca 2+ -free C-lobe (Fig. 5E) , consistent with the hydrophobic contact of the tryptophan when the C-lobe bound to the peptide. In comparison, the presence of Ca 2+ induced a shift of the fluorescence profile of CNGC2-IQ when the full-length CaM2 or the individual CaM2 lobes were present (Fig. 5C) , reflecting the ability of both lobes to associate with the peptide under elevated Ca 2+ concentrations.
CNGC2-CaM in planta interaction
Our results indicated that CaM-CNGC interactions probably involve conformational rearrangements depending on the local Ca 2+ concentration. As interactions in Y2H assays take place in the nucleus, where Ca 2+ concentrations may remain lower compared with the cytosol (Badminton et al. 1996 , van Der Luit et al. 1999 , interactions were investigated in planta using bimolecular fluorescence complementation (BiFC) in Nicotiana benthamiana leaves (Gehl et al. 2009 , Fischer et al. 2013 ). BiFC signals induced by co-expression of CNGC2 and CaM2 fused to the N-or C-terminal part of the Venus fluorophore (CNGC2-VN and VC-CaM2, respectively) were observed at the plasma membrane as indicated by colocalization of a plasma membrane marker (Fig. 6A) , as well as in intracellular membranes probably belonging to the endoplasmic reticulum and in aggregates (Fig. 6B) . Whether these intracellular localizations result from inefficient trafficking due to overexpression of the channel remains to be resolved. However, CaMs were evenly distributed between the cytosol and nucleus (Supplementary Fig. S5) , showing that the distribution of the observed BiFC signal at the PM or endomembranes was likely to be determined by the subcellular localization of the C-terminally tagged CNGC2. Mutation of the C-lobe-associated EF-hands in CaM2 (VC-CaM2 E3,4A ), which disrupted their Ca 2+ -binding ability, did not impair the interaction with CNGC2-VN, as indicated by a similar intensity and pattern of BiFC signals in the presence of the CaM2 E3,4A mutant vs. wild-type CaM2 (Fig. 6B, C, E ). These results demonstrate that CNGC2 robustly interacts with CaM2 in vivo, independent of Ca 2+ loading at the C-lobe.
The N-terminal part of the IQ-motif anchors apo-CaM to the CNG channel Gel shift assays indicate that CaM2 could still bind to the CNGC2-IQ peptide in vitro when alanine at the -3 and -4 position of the IQ-motif were mutated to glycine and threonine, respectively (CNGC2-IQ GT , Fig. 5B ), although Y2H assays showed that this interaction did not take place within the yeast nucleus ( Fig. 3B; Supplementary Fig. S6 ). To resolve this apparent discrepancy, tryptophan fluorescence measurements were performed with the CNGC2-IQ GT peptide in the presence of CaM2 and its individual lobes. The interactions of the CNGC2-IQ GT peptide with the calcified full-length CaM2 or its N-or C-lobe were similar to those of the wild-type CNGC2-IQ peptide (Fig. 5C, D) . In the absence of Ca 2+ , however, the interaction of the CNGC2-IQ GT peptide and CaM2 was severely hindered compared with the wild-type peptide, and interaction with the apo-C-lobe was ablated completely (Fig. 5E, F) . This suggests that the N-terminal part of the IQmotif including the -3 and -4 alanine-alanine pair is involved in anchoring apo-CaM via direct interaction with the C-lobe. Thus, in the presence of Ca 2+ , CaM2 interaction with CNGC2-IQ GT is possible, inducing the observed gel shift (Fig. 5B) .
The observed lack of interaction between CNGC2-IQ GT and CaM2 in Y2H assays (Fig. 3B) suggests that this method resolves the Ca 2+ -independent interaction with the C-lobe, while the Ca 2+ -dependent interaction could not take place. However, in contrast to the isolated CNGC2-IQ GT peptide, the C-terminus of CNGC2
GT was able to interact with CaM2 also in Y2H assays ( Supplementary Fig. S6 ). This indicates either that residues outside of the used CNGC2-IQ peptide restore the Ca 2+ -independent interaction in the GT mutant, or that these residues are involved in Ca 2+ -dependent CaM binding. We therefore probed CaM interaction of the mutated C-terminus (CNGC2-CT GT ) in Y2H assays, when the Ca 2+ -binding of the C-lobe EF-hands of CaM2 was abolished, using CaM E3,4A ( Supplementary Fig. S6 ). In contrast to the wild-type CNGC2 C-terminus, the binding of CNGC2-CT GT was strongly reduced for CaM2 E2,4A compared with CaM2. This result again supports the conclusion that the apo-C-lobe of CaM binds to the N-terminal part of the channel's IQ-domain involving the two alanine residues. In addition, the residual binding ability of CNGC2
GT to wild-type CaM2 points to the involvement of residues outside of the IQ-peptide used in stabilizing the CaM interaction, which may involve a Ca 2+ -dependent association with the N-lobe. Regions outside of the minimal IQ-peptide used (Fig. 3A) have also been shown to support CaM binding of the CNGC19 IQ-domain (Fig. 3D) .
Combining in vitro and in vivo approaches to characterize the interaction of the C-terminal domain of CNGCs showed that the IQ-domain is able to associate with CaM in the presence and absence of Ca 2+ , and that the Ca 2+ -independent association is likely to be mediated via the C-lobe binding to the N-terminal part of the IQ-domain. The results further indicate that CaM binding involves an IQ-domain that extents N-and C-terminally of the core IQ-motif.
Mutation of the alanine-alanine pair in the IQ-domain disrupts the function of CNGC11/12
The IQ-motif of CNGC12 was previously found to be critical for channel function, since mutation of the highly conserved IQ residues resulted in the suppression of the function of the autoactivated chimeric channel CNGC11/12 (DeFalco et al. 2016a ). CNGC11/12 was originally isolated from the constitutive expressor of PR-genes 22 (cpr22) autoimmune mutant, and induces programmed cell death (PCD) when expressed in Arabidopsis or N. benthamiana (Yoshioka et al. 2001 , Yoshioka et al. 2006 . We thus utilized this system to test whether the GT mutation within the IQ-domain, which abolished apo-CaM interaction, also interfered with channel function in planta. Wild-type CNGC12 expressed in N. benthamiana induced no PCD, while expression of CNGC11/12 triggered constitutive PCD (Fig. 7) , as expected (Yoshioka et al. 2001 , Yoshioka et al. 2006 . CNGC11/ 12 I564D/Q565A (11/12 DA in Fig. 7) , which disrupted CaM binding (DeFalco et al, 2016a) , did not induce PCD, even at lower temperature, which enhances PCD (Hua 2013 , Mosher et al. 2010 . In comparison, expression of CNGC11/12 A560G/A561T (11/12 GT in Fig. 7 ) did not induce PCD at 22 C (Fig. 7A) , but did at 16 C (Fig.7B) . These data show that the alanine-alanine pair at the -3 and -4 position of the IQ-motif is also important for in vivo CaM binding to this site, and their mutation partially suppresses channel function.
Discussion
The bona fide IQ-motif [ILV]QxxxR[Gx]xxx [RK] represents one of the few CaMBD motifs that can be reliably predicted from primary sequence, due to the strict conservation of the core IQ sequence (Cheney and Mooseker 1992, Bähler and Rhoads 2002) . Mutations in the IQ-motif impair CNG channel functions in planta, as shown for CNGC12 (DeFalco et al. 2016a ) and CNGC2 (Fig. 1) . Here, we determined that more than half of the 20 members of the Arabidopsis CNGC family bind CaM via a minimal IQ-motif including 16-17 amino acids, while others require an extended IQ-domain for CaM binding (Figs. 2, 3) . The minimal IQ-motif used in our Y2H assays ranged from the -4 to +11/+12 position relative to the consensus isoleucine (Fig.  3A) . Although this region is fairly well conserved within the CNGC family, nine members did not interact with CaM in yeast with their respective minimal IQ-motif. We showed that regions proximal and distal to this minimal IQ-motif participate in interactions with CaM (Fig. 3) , which has been shown for IQ-domains from other proteins as well Findeisen 2010, Black and Persechini 2011) . In a voltagegated sodium channel (Na V 1.5), an approximately 20-fold higher affinity for CaM was obtained with an extended IQ-peptide, proving critical contributions of the more distal IQdomain residues (Wang et al. 2014) . As a general feature, the functional IQ-domain of plant CNGCs thus probably encompasses the linear sequence -7 to +22 relative to the consensus isoleucine, according to the prosite motif PS50096 (Supplementary Fig. S7 ; Sigrist et al. 2013) .
The CaM-binding properties of the IQ-motifs from CNGC2 and CNGC12 were further characterized in vitro (Figs. 4, 5 ; Supplementary Figs. 3, 4) , showing that the two motifs interacted with apo-CaM and Ca 2+ -CaM, though with different binding characteristics. We found that a conserved hydrophobic alanine-alanine pair at the -3 and -4 position is involved in interaction with apo-CaM. Mutations of these residues to a naturally occurring polymorphism in IQ-motifs of different channels prevented the interaction with CaM in the Y2H assay (Fig. 3) , and binding of apo-CaM to the CNGC2-IQ GT peptide in vitro (Fig. 5) . Apo-CaM bound to the CNGC2-IQ peptide solely by using the C-lobe (Fig. 5) . This interaction required the presence of the alanine-alanine pair, which was dispensable for interaction with the Ca 2+ -loaded CaM in vitro (Fig. 5) . Taken together, the determinants for Ca 2+ -independent binding to the IQ-domain reside in the C-terminal half of CaM, and the N-terminal portion of the IQ-motif. This configuration is similar to the situation in voltage-gated sodium channels (Na V ), the C-termini of which share an IQ-domain binding to the apo-C-lobe but not the apo-N-lobe (Feldkamp et al. 2011 , Reddy Chichili et al. 2013 ). The nuclear magnetic resonance (NMR) solution and crystal structures of the apo-CaM-IQdomain complex of Na V 1.2 and Na V 1.6 showed that the C-lobe of CaM binds to the N-terminal portion of the IQ-domain. As a general feature, the apo-C-lobe adopts a semi-open conformation in complex with the IQ-domains of the Na V channel and other proteins. Thus, the IQ-domains of CNGC2 and most other CNGCs as well (Figs. 2, 3 ) share basic features with that of voltage-dependent sodium and calcium channels, and possess a permanently associated CaM attached to the proximal portion of the IQ-domain, via binding of the C-lobe. Moreover, the extended IQ-domain greatly influences the binding affinities for the CaM.
Plants possess a large family of proteins characterized by the presence of characteristic IQ-motif repeats, referred to as the IQD family, with 33 members in Arabidopsis . Interestingly, the alanine-alanine pair at the -3 and -4 position of the IQ-motif is largely conserved across the Arabidopsis and rice IQD families , further supporting our findings that these residues are involved in CaM binding, specifically to the C-lobe of CaM. IQD proteins and CAMTAs, another class of IQ-containing proteins from plants, both feature predicted or confirmed Ca 2+ -dependent CaMBD(s) adjacent to their IQ-motifs , Bouché et al. 2005 . The IQ-motif lies N-terminally to a Ca 2+ -dependent CaMBD in at least CNGC12 (the CT site), which is separated by a short, variable region (DeFalco et al. 2016a ), a domain organization similar to those of the IQD or CAMTA proteins. Thus it is possible that such an arrangement may function in a conserved manner to recruit CaM.
Although the mutation of the alanine-alanine pair allowed interaction of the CNGC2-IQ GT -peptide with Ca 2+ -CaM2 in vitro, this interaction could not be resolved in yeast (Fig.  5) . Y2H assays thus probably report mainly the apo-CaM or high-affinity Ca 2+ -CaM binding to the IQ-peptides, in agreement with previous findings (Yus-Najera et al. 2002) . Following this interpretation, our data indicate that over half of the Arabidopsis CNGC isoforms have the ability to pre-associate with CaM at basal Ca 2+ levels, and very probably this number is even higher because of the supporting influence of the regions adjacent to the minimal IQ-domain ( Supplementary Fig. S7 ). Though little is known regarding the composition of CNGC heteromers, and given the complexity of such arrangements in animal CNGCs (Matulef and Zagotta 2003) , it is likely that all CNGC complexes in planta are constitutively associated with at least one CaM Ca 2+ sensor via an IQdomain (Fig. 8A) . Binding of cyclic nucleotides induces the channel to open, which in analogy to other eukaryotic CNGCs is likely to be accompanied by a large conformational change ( Fig. 8B ; Li et al. 2017 ). Ca 2+ entry will then lead to calcification of the N-and C-lobes of the CaM subunit. In IQdomain complexes with Na V channels, the elevation of the Ca 2+ concentration induces only minor conformational changes with respect to the C-lobe of CaM (Wang et al. 2014) . Comparing voltage-dependent sodium (Na V ) and calcium (Ca V ) channels, the contact sites and conformations are quite different for the Ca 2+ -CaM complex with the respective IQdomains. However, in both cases the CaM N-lobe binds to the distal part of the IQ-domain, though further towards the C-terminus on the Na V compared with the Ca V IQ-domains (Wang et al. 2014) . In our proposed model we therefore assumed no large positional changes of the calcified C-lobe within the C-terminus (Fig. 8C, D) . The Ca 2+ -loaded N-lobe can bind to the IQ-domain of CNGC2 (Fig. 8C) , while in other channels, the N-lobe may be in association with a different site within the IQ-domain upon calcification (DeFalco et al. 2016a) . In both scenarios, the binding of the calcified N-lobe would induce a conformational change, which may trigger the Ca 2+ -induced inactivation of the channel and termination of the Ca 2+ signal (Fig. 8C) . Similarly, Ca 2+ -dependent interactions with CaM2 outside of the IQ-domain have been shown (Arazi et al. 2000 , Hua et al. 2003 , DeFalco et al. 2016a . In CNGC12, for example, the calcified N-lobe may alternatively bind to the more distal CaM-binding site, which then may serve other functions (Fig. 8D) .
Previous data with CNGC11/12 showed that CaM binding at the IQ-motif is essential for channel function in planta (DeFalco et al. 2016a ), and we have further corroborated such findings here (Fig. 3) . We validated the in vivo effect of the GT polymorphism at the proximal IQ-motif by introducing it into CNGC11/12, which partially suppressed the PCD-inducing function of the corresponding mutant (Fig. 7) . Our results indicate that apo-CaM probably associates with CNGCs as a permanent Ca 2+ -sensing subunit via the IQ-motif and plays an important role for the physiological functions of the channels. Pre-association between CaM and the channel would enable sensing of local changes in Ca 2+ levels, and thus lead to fast feedback regulation. In this context, the Ca 2+ -dependent binding of the N-lobe could fulfill a function in intra-or intermolecular bridging of CaMBDs. It remains to be elucidated how such feedback may be co-ordinated in most CNGC isoforms, as at least one isoform also possesses an N-terminal regulatory CaMBD (DeFalco et al. 2016a) . The IQ-motif is conserved across the CNGC families of different flowering plants, such as Arabidopsis, rice and pear (Fischer et al. 2013 , Nawaz et al. 2014 , Chen et al. 2015 , and even in the distantly related non-vascular land plant, Physcomitrella patens ( Supplementary Fig. S7 ). Thus, canonical CNGCs may be identified by the existence of the CNGC-specific motif in the phosphate-binding cassette (PCB) of the CNB-domain (Saand et al. 2015) as well as the distal IQ-domain (Supplementary Fig. S7 ). Single-cell algae species apparently do not possess canonical plant CNGCs as they lack both the CNGC-specific PBC motif (Saand et al. 2015) and the IQ-domain (Supplementary Fig. S7 ). Thus the IQ-domain appears to be intimately linked to the function of CNGCs, which were essential during the appearance of land plants (Saand et al. 2015) .
Our data expand the current understanding of CNGC regulation, and build upon previous models to show that CaM very probably functions as a Ca 2+ -sensing subunit of CNGC complexes, providing Ca 2+ -dependent feedback in an isoform-specific manner. Future work will be essential to elucidate further such isoform-specific mechanisms, as well as determine why calmodulation of the IQ-domain is required for channel function, and whether this is related to subunit assembly.
Materials and Methods
Plasmid construction, site-directed mutagenesis and protein purification CNGC11/12 (or mutants) constructs were cloned into pJP (DeFalco et al. 2016a ) with a C-terminal green fluorescent protein (GFP) tag. Site-directed mutagenesis was performed via overlapping PCR. Full-length or individual lobe CaM constructs were each expressed in BL21 (DE3) pLysS cells. Fulllength CaM2 was cloned into pET21a and purified without tags via phenylSepharose chromatography as described previously (Fromm and Chua 1992) . The individual N-and C-lobes of CaM (amino acids 1-80 and 73-149, respectively) were cloned into pET28a in-frame with an N-terminal 6ÂHis tag and purified via Ni-NTA resin.
Plant growth conditions
Arabidopsis and N. benthamiana plants were grown on Sunshine mix soil (Sun Gro Horticulture Canada) in a growth chamber under a 9/15 h light/dark regimen at 22 C (day) and 20 C (night) at 60% relative humidity and 140 mE m -2 s -1
. Lowtemperature treatments were conducted under the same conditions, but with the difference that plants were shifted to 16 C at 24 h post-infiltration. Transient expression was performed via infiltration of N. benthamiana with Agrobacterium tumefaciens strain GV2260 as described previously (Urquhart et al. 2007 ,DeFalco et al. 2016a . In all cases, Agrobacterium carrying CaMV35S:HCPro from Tobacco etch virus (labeled TEV in the figures) was infiltrated alone or co-infiltrated with the constructs as described in figures and legends to suppress gene silencing.
Complementation assays
dnd1 plants (Clough et al. 2000) were transformed with CNGC2 variants via the pMDC32 destination vector (Curtis and Grossniklaus 2003) and the floral dip method (Clough and Bent 1998) . Homozygous lines were isolated by selection of hygromycin-resistant F 2 plants and confirmed by sequencing. The complementation assay was performed, using hypochlorite surface-sterilized seeds put on half-strength Murashige and Skoog (MS) plates supplemented with 1% sucrose and vernalized for 3 d. Half-strength MS contains 1.5 mM Ca ). After 13 d, photos were taken. Five plants of each line were grown on agar plates, the dry weight was determined together and calculated for one plant. Mean weights and SEs were calculated. A t-test was performed to reveal any statistical significance. The P-value was set to P < 0.05.
For expression of CNGC2-YFP, CNGC2 was cloned into the pEarleyGate101 destination vector cngc2-3 (Salk_066908) and plants were transformed. T 1 individuals were identified and phenotypically assayed. Confocal fluorescence images were acquired using a Leica TCS SP5 confocal system with the acousto-optical beam splitter (Leica Microsystems). For YFP fluorescence, the argon laser was set at 20% and the detection window at 525-600 nm. Autofluorescence of chloroplasts was detected at 650-700 nm.
Yeast two-hybrid (Y2H) assays
Y2H assays were performed as described previously (Fischer et al. 2013 ).
Bimolecular fluorescence complementation (BiFC)
BiFC assays were performed as described previously (Fischer et al. 2013 , Hartmann et al. 2014 . In order to prove that interaction partners were expressed, we exploited the fact that the free soluble forms of VC/VN, upon overexpression, interact in the cytosol and nucleus, which leads to fluorescence in these compartments. This fact was emphasized as a caveat to using the VC/ VN combination as a negative control (Kerppola 2008) . We, in reverse, used this effect as a positive control for expression (Fig. 6D, inset) . In comparison, in the case of the membrane-bound CNGC fusions, we never observed background fluorescence when expressed in combination with VC alone. Together, the lack of significant fluorescence of the combination CNGC2-VN + VC (Fig. 6D ) and the presence of fluorescence when using VN + VC (Fig. 6D, inset) demonstrates that the BiFC signals produced by co-expression of CNGC2-VN and VC-CaM2 or VC-CaM2 E3,4A (Fig. 6B, C) is specific and results from interaction.
Subcellular localization of CaMs/CMLs
For N-terminal GFP fusions, the pMDC43 destination vector was used (Curtis and Grossniklaus 2003) . Transformation of N. benthamiana and confocal microscopy were performed as described previously (Fischer et al. 2013 ).
Isothermal titration calorimetry (ITC)
ITC was performed using a VP-ITC calorimeter (Microcal) at 30 C in 25 mM HEPES, 100 mM NaCl, pH 7.5, with 5 mM CaCl 2 or 1 mM EGTA as indicated. In all experiments, peptide was titrated into CaM2 in 29 injections of 10 ml each with a 360 s equilibration between injections. Data were analyzed and fitted using Origin 7.0 software (OriginLab).
Intrinsic fluorescence assays
CNGC2-IQ peptides were synthesized (GenScript). The peptides were diluted into buffer (10 mM HEPES, 100 mM NaCl, pH 7.5, with 5 mM CaCl 2 or 1 mM EGTA) and mixed with full-length CaM2 or individual lobes in concentrations described in the figure legends. Prior to assays, CaMs or lobes were extensively dialyzed into the sample buffer. Samples (final volume 100 ml) were aliquoted into a 96-well flat black plate (four replicates per sample) and tryptophan fluorescence emission was measured at 300-450 nm (2 nm intervals, excitation at 295 nm), using a TECAN Infinite M1000 Pro plate-reader. For each peptidecontaining sample, appropriate averaged background measurements (buffer or buffer plus CaM, N-lobe or C-lobe) were subtracted from each emission wavelength measurement, and average values were plotted.
Non-dissociating PAGE
Non-dissociating-PAGE assays were performed as described previously (DeFalco et al. 2010) .
Supplementary data
Supplementary data are available at PCP online. 
